Abstract The effect of interference competition can be assessed by comparing the capture rate of a predator foraging alone with that of the predator within a group. Since such an effect could be prey density dependent, a constant density of prey must be maintained while assessing this effect, irrespective of the elimination of prey by predation. However, when studying a predator-harvester, such as a planktivorous fish, which collects zooplankton at a rate of up to 1 prey s -1 , instantaneous replacement of each consumed prey item is not feasible. This problem was solved in short-lasting mesocosm experiments by minute-byminute supplementation to replace eliminated Daphnia and maintain a constant average prey density. Such experiments were performed with different numbers of foraging roach (Rutilus rutilus) at three prey densities and in two ranges of ambient temperature. The number of Daphnia required at the start of each experiment to establish the initial prey density and the number that it was necessary to add per minute were determined in experiments conducted without prey supplementation and in preliminary experiments with prey supplementation. The results of this study revealed that fish foraging in a group eat less, due to both exploitation and non-aggressive competition for space. Moreover, the effect of interference competition was stronger at higher temperatures, irrespective of the prey density, indicating that natural populations of roach foraging in shoals may suffer more from competitive interactions in warmer waters.
Introduction
Interference competition occurs when direct interactions between resource-sharing competitors (congeners or conspecifics) reduce access to shared resources, leading to a decrease in the rate of utilization of those resources (Miller 1967; Hassell and Varley 1969) . This decrease could be due to active (e.g., Mansour and Lipcius 1991; Cresswell 1997) or passive (e.g., Dolman 1995) interactions, the former manifested through food theft and aggressive interactions, and the latter through obstruction of access to resources to other individuals by non-aggressive behavior. In the competition for food, the effect of interference might be obscured by a reduction in the feeding rate due to food depletion (exploitative competition) by competitors. As such an effect is difficult to exclude in experiments, little effort has been made to accurately assess the quantitative impact of interference on the feeding rates, growth, and survival rates of competing animals, despite evidence of their importance (Schoener 1983) . While most studies facing this problem have focused on demonstrating the simultaneous effect of both types of competition (e.g., MacIsaac and Gilbert 1991; Rutten et al. 2010) , surprisingly, some have implicitly assumed that the effect of exploitation is negligible (e.g., Sutherland and Koene 1982; Ens and Goss-Custard 1984; Stillman et al. 2002; Nakayama and Fuiman 2010; Ping et al. 2011) . However, it is clear that exploitative competition may lead to a gross overestimation of the effect of interference, since the latter phenomenon is prey density dependent (Sutherland and Koene 1982; Vahl et al. 2005) .
The majority of studies that have attempted to test the effect of interference alone have approached the issue indirectly using either statistical (Scharf et al. 2008) or mathematical (Stillman et al. 2000) tools, including models based on field observations (Gyimesi et al. 2010) , or a complex description of diet versus space use with measurements of both prey availability and risk of intraspecific interactions (Post et al. 1999) . A simple direct measurement of the level of interference competition can only be achieved in a few specific systems where competition is coupled with the excretion of allelochemicals: toxins or growth inhibitors (Steinwascher 1978; Folt and Goldman 1981) . In such systems, to distinguish the effects of both types of competition, the experiments must be performed at the same prey density but in the presence of different concentrations of chemicals from congeners or conspecifics. Otherwise, it is necessary to employ more complex direct experimental designs in order to ensure a constant resource level (Anholt 1990; Peckarsky 1991; Smallegange et al. 2006 ). To our knowledge, this strategy has only been applied to examine the effect of active interference in competitors foraging for large prey, where it is relatively easy to monitor their behavior and to maintain a stable prey density by immediately replacing each prey item eaten (''immediate consumption'' approach). In comparison, there is a dearth of experimental studies examining the effect of passive interference between predator-harvesters, such as planktivorous fishes, which collect planktonic prey at the rate of 1 item every few seconds (Bartosiewicz and Gliwicz 2011) .
Despite recent efforts to quantify the effects of interference (Gyimesi et al. 2010; Nakayama and Fuiman 2010; Rutten et al. 2010; Ping et al. 2011) , little is known about how these effects are influenced by external factors that may be biotic (e.g., prey density) or abiotic (e.g., environmental temperature). Most previous studies-either theoretical (Stillman et al. 2000) or empirical (Sih 1981; Dolman 1995; Cresswell 1998; Triplet et al. 1999 )-support the notion that interference is stronger at lower prey densities (or reduced encounter rates). This may be the result of either a prolonged search time during which interference can happen (Ruxton et al. 1992; Moody and Ruxton 1996) or the occurrence of an additional kind of interference that is profitable only when prey is sparse (e.g., kleptoparasitism in Stillman et al. 2002; aggression in Sale 1972) . Since none of the aforementioned studies attempted to exclude the effect of exploitation, the impact of prey density on the effects of interference is yet to be fully investigated.
In ectotherms, the metabolic rate increases (exponentially) with temperature, leading to a greater energetic demand per individual that has to be compensated for by increasing assimilation (Aarssen 1983) . A higher temperature enhances the ability of a predator to search for prey, due to (1) increased speed of movement (Persson 1986 ), (2) more effective prey-capture kinematics (Wintzer and Motta 2004) , and (3) reduced handling time, which allows more time for searching (Thompson 1978) . Greater foraging motivation and better searching ability may result in a higher encounter rate with the prey (Dreisig 1981) , as well as an increased frequency of encounters with congeners or conspecifics (Kruse et al. 2008) . The former may lead to higher capture rates, while the latter intensifies interference competition.
The importance of temperature in competitive interactions between foraging fish has mainly been studied in terms of the spatial or temporal separation of the fish, due to the different thermal optima of separate species (Baltz et al. 1982) or size classes within a single species (Beitinger and Magnuson 1975) . Although the studies cited above have identified mechanisms that are responsible for stronger interactions at higher temperatures (usually increased aggressive behavior), the possible effects of other temperature-dependent components, such as exploitative competition, have generally been ignored. Consequently, the quantitative impact of interference remains unknown, because the effect of interference competition has not been separated from those of other possible factors. Despite the common belief that ambient temperature is crucial in determining the outcome of competitive interactions within a group of fish, and the abundance of literature on the temperature-dependent effects of competition in fish species from marine (Biro et al. 2010) , riverine (Baltz et al. 1982; McMahon et al. 2007) , and lacustrine (Beitinger and Magnuson 1975; Krause et al. 1998 ) environments, we are unaware of any study that has tested for such competitive interactions. Persson (1982 Persson ( , 1986 showed that the feeding activity of a common planktivorous fish (roach, Rutilus rutilus) increased with ambient temperature, and he suggested that this could alter the outcome of passive interference between individuals, but his claims lack experimental corroboration.
The aim of this study was to assess the impact of passive interference competition on the prey capture rate of planktivorous fish by excluding the effect of exploitation competition. This was achieved by manipulation of the initial prey density and minute-by-minute addition of prey to maintain relatively constant average prey densities, irrespective of the number of foraging fish. This novel approach allowed us to determine whether, and to what extent, food concentration and temperature (the main factors controlling feeding rate and growth in fish ; Wootton 1990 ) affect the strength of interference competition in roach.
Materials and methods
The experiments were performed during the summer (August 2009) and autumn (October 2009) periods at the Hydrobiological Station in Pilchy, Poland, within a field enclosure with mosquito netting walls and a transparent roof (Gliwicz et al. 2013 ). This setup ensured semi-natural conditions, including similar light intensities (1.7-3.8 lm m -2 s -1 30 min before dusk), with temperature being the only factor that differed significantly between the summer (19.4-20.2°C) and autumn (11.9-14.4°C) experiments. One-year-old (8 ± 1 cm) roach (Rutilus rutilus) used in the experiments were caught in Lake Roś (Mazurian Lakes, NE Poland) using a standard trawl net at least 1 month before the start of the first experiment in each period. Post-capture, the experimental fish were maintained in 1000-L steel holding tanks (50 per tank) and fed daily with a constant amount of Daphnia prey (5000-10,000 per tank). The prey (Daphnia hyalina clone HG011 obtained from Lake Ś wiecajty, Poland) was propagated in 10-L aquaria at 20°C and fed daily with the green alga Scenedesmus acutus at a concentration above the incipient food level (1.0 mg C L -1 ). The populations of both fish and prey were maintained in water from the epilimnion of Lake Roś that had been filtered through a 1-lm Millipore membrane filter. The Daphnia densities used in each experiment were similar to those commonly found in natural lakes (Lampert and Sommer 2007) , and the roach density ranges were similar to those reported for fish feeding in shoals (e.g., Eklöv and Persson 1995; Gliwicz et al. 2006) .
Seven short-lasting (5.5 min) experiments were performed in each period (August and October 2009) in opentopped, non-transparent PVC tanks containing 60 L of water. Each experiment employed 12 treatments: 1, 5, 10, or 20 fish were allowed to harvest Daphnia at one of three different density levels. In the first two experiments of each period (experiments without supplementation: I nsuppl and II nsuppl in the Appendix), initial Daphnia density levels of 5, 10, or 20 ind. L -1 were established but not subsequently replenished, so their exploitation by foraging fish caused a gradual decrease in prey density. These experiments were performed to determine the cumulative effect of interference and exploitation. In the subsequent experiments (experiments with supplementation: I suppl -V suppl in the Appendix), the initial Daphnia densities were assessed and then maintained by minute-by-minute supplementation with numbers that were calculated to replace the eaten prey. Both the initial density and the supplement of Daphnia added each minute were specific to each treatment, and were determined (by trial and error) from the capture rate calculated from the two preceding experiments. The difference between the required and the realtime prey density (resulting from the difference between the rates of prey elimination and prey supplementation) increased over the course of each experiment due to the cumulative error, reaching its highest value at the end. Consequently, the difference between the mean (during the course of the experiment) and required (approximately 5, 10, or 20 ind. L -1 ) density was always lower than the difference between the final (after 5.5 min of foraging) and required density. It was assumed that a difference of 10 % between the required and final prey density is the threshold value below which the density could be considered stable and equal in treatments with the same required prey density level. This assumption was fulfilled only in the last three experiments of each period (main experiments: III suppl -V suppl ). Preliminary experiments with supplementation (I suppl -II suppl ) were excluded from the analysis.
Prior to the start of each experiment, the numbers of Daphnia required to establish the desired initial prey density in each treatment were placed in glass beakers containing 0.1 L of lake water. Another 60 beakers (5 for each treatment) containing 50 mL of filtered lake water only (experiments I nsuppl -II nsuppl ) or water containing Daphnia (experiments I suppl -V suppl ) were prepared, to be added at 1-min intervals during the experiment. The roach were netted from a holding tank, assigned to groups of the required size (1, 5, 10, or 20 fish), transferred into each experimental tank, and allowed sufficient time to acclimate to unconstrained foraging (based on previous experiments). The fish used in each experiment were netted at random from a group of *400 individuals housed in eight separate 1000-L holding tanks, so the probability that the same fish were used in subsequent experiments in the same treatment was very low.
Each experiment began with the addition of a low initial prey density (*5 ind. L -1 ) to the first four tanks containing the required numbers of fish. A digital stopwatch was used to measure elapsed time, and the beakers containing filtered lake water only (in experiments I nsuppl -II nsuppl ) or water with Daphnia (in experiments Limnology (2014) 15:155-162 157 I suppl -V suppl ) were emptied into the respective tanks at 60-s intervals (after the 1st, 2nd, 3rd, 4th, and 5th minute). To ensure that the feeding fish did not suffer any external disturbance, prey additions were made via a plastic funnel connected to an angled glass tube passing through the wall of each tank and into the water. Continuous delicate bubble-induced mixing of the water was used to maintain a homogeneous distribution of prey items in the tanks. After 5.5 min of feeding, all fish were simultaneously removed from the tanks. This procedure was then repeated in 4 tanks with the intermediate (*10 ind. L -1 ) and finally with the high (*20 ind. L -1 ) density of Daphnia in such a way that the intervals between treatments were never longer than 5 min. After removing the fish from the experimental tanks, all remaining Daphnia from each tank were collected separately using a zooplankton net. The Daphnia were immediately preserved in formaldehyde and concentrated in separate 200-mL plastic containers for counting under a microscope.
In experiments I nsuppl -II nsuppl , the feeding rate of a fish (C i ) in treatment i was calculated simply as
, where n 0 is the initial number of Daphnia (300, 600, or 1200 ind.), n t the number of Daphnia remaining after the experiment, N i the number of fish (1, 5, 10, or 20 ind.), and Dt the duration of the experiment (5.5 min). In experiments I suppl -V suppl , the initial prey density (n i0 ) was the sum of the required prey density assigned to each treatment (n r ; i.e., 5, 10, or 20 Daphnia L -1 ) and the number of Daphnia equivalent to (and compensating for) the loss of prey items anticipated in the first 30 s of feeding (C ix 9 N i 9 2V -1 ), where C ix is the mean feeding rate in treatment i, as estimated from the two most recent previous experiments in the series, N i the number of fish in treatment i, and V is the volume of water (60 L). Compensation for the anticipated reduction in prey abundance was achieved by the minute-by-minute addition of the calculated number of Daphnia (C ix 9 N i ). The feeding rate of a fish (C i ) in each treatment for experiments with supplementation i was calculated as
, where nDt is the total number of Daphnia added each minute during the experiment.
The effects of the number of fish, Daphnia prey density, the presence or absence of prey supplementation each minute, and temperature on the capture rate of roach were tested in a general linear model, with the number of fish treated as a continuous variable and the other factors as categorical variables (SAS 9.4 procedure GLM; SAS Institute 2013). Due to interactions between fish number and both supplementation and temperature (N f 9 Suppl and N f 9 Temp; Table 1; Fig. 1 ), four separate ANCOVAs (for the effects of Daphnia density, with N f as a covariate) were performed for each combination of the two factors (SAS 9.4 procedure GLM; SAS Institute 2013). From these ANCOVAs, interval estimates were obtained for the effects of number of fish and Daphnia prey density, using Tukey's honest significant difference (HSD) method for unequal sample sizes, repeated for three standard significance levels ( Table 2 ). The confidence level was set at 95 %, with the significance of each difference determined by comparing particular confidence limits (Cumming 2012) .
Results
Only the results from the two experiments without supplementation (I nsuppl -II nsuppl in the Appendix) and the last three experiments of each series with prey supplementation (main experiments, III suppl -V suppl in the Appendix) in each period (August and October) were included in the analysis. The difference between the initial and required mean prey density (i.e., 5, 10, or 20 Daphnia 9 L -1 ) was maintained at less than ±9 %, and the difference between the required final density (i.e., 5, 10, or 20 Daphnia 9 L -1 ) and the obtained final prey density was kept below ± 10 % for all treatments only in experiments III suppl -V suppl (see the Appendix). In those experiments, the maximal number of Daphnia added to the tank each minute did not exceed 17 % of the required mean density in a given treatment; therefore, the relative variation in prey density also did not exceed 17 % in any treatment. (1) Error degrees of freedom = 96, R 2 = 0.956; (2) of all the higherorder interactions (not shown), only one was significant (N f 9 Suppl 9 Temp, p = 0.03)
NS not significant Statistical significance: * p \ 0.05, **** p \ 0.0001
The per capita feeding rate, calculated as the number of prey consumed per minute, was significantly affected by the number of fish, temperature, and Daphnia prey density, while there was no evidence for an overall effect of supplementation (Table 1) . Analysis revealed that the effect of fish number (1) differed between experiments without supplementation and the main experiments with supplementation (Table 1 , N f 9 Suppl. interaction), (2) was affected by temperature (Table 1 , N f 9 Temp interaction), but (3) showed no dependence on the density of Daphnia prey (Table 1 , nonsignificant N f 9 D p interaction). In further analyses performed separately for each supplementation 9 temperature combination, interactions between fish number and Daphnia density were consistently nonsignificant. The per capita feeding rate decreased as the number of foraging fish increased (all slopes were significantly negative; Table 2 ), and it was reduced at lower Daphnia prey densities. The effect of interference (effect of the N f in expts. III suppl -V suppl ) was greater at higher temperature (according to a comparison of the respective confidence limits in Table 2 ). In particular, the differences in capture rates between Daphnia densities were much more apparent at higher temperature (Table 2) .
Discussion
The experiments performed in this study were designed to separate the effect of exploitative competition from the effect of interference in a planktivorous fish (roach)-zooplankton (Daphnia) system, in order to determine whether the latter phenomenon causes a reduction in capture rate. To achieve this, a relatively stable prey density was maintained, regardless of the number of foraging fish in the experimental tanks, by supplementation to replace eliminated prey at constant and reasonably short intervals. The obtained data indicate that a typical planktivorous fish such as roach may suffer from reduced foraging efficiency, not only due to ongoing exploitation, but also as a result of direct interactions within the shoal. As it was not possible to quantify the effects of antagonistic interactions, the mechanisms underlying the competitive behavior ; gray, dark gray, and black circles, each as a single treatment and regression lines, respectively) in two experiments without supplementation of prey (I nsuppl -II nsuppl ) and in the main experiments with prey supplementation (III suppl -V suppl ), and at high and low ambient temperature Table 2 Effects of the number of fish (N f , effect quantified by the slope of the relationship) and Daphnia prey density (D p , differences between means in 5, 10, and 20 ind. L -1 treatments, denoted d5, d10, and d20, respectively) on the prey capture rate of roach in experiments without supplementation (I nsuppl -II nsuppl ) and the main experiments with prey supplementation (III suppl -V suppl ), and at high and low temperatures responsible for this reduction remain uncharacterized. Nevertheless, since antagonistic behavior is commonly regarded as rare or even absent in young roach (Haberlehner 1988), we speculate that this effect is not due to aggressive interactions. Conceivably, the most important mechanism involves passive interference, where individuals obstruct access to resources due to non-aggressive behavior, e.g., encounter avoidance. The reduction in foraging efficiency could also be due (at least in part) to the time lag when multiple fish attempt to capture a single prey item and all but one are unsuccessful. However, this is likely to have been of minor importance in our experiments because, unlike in the ''immediate consumption'' approach, the visual field of each fish was continuously filled with tiny prey items. Conversely, two other effects of grouping may enhance foraging success (Davis and Olla 1992) . First, there is a stronger urge to feed, since fish tend to capture the subsequent prey as fast as possible before it is taken by a nearby competitor (Pitcher et al. 1982) . Second, there is the opportunity to invest more time in capturing prey, since the task of vigilance can be shared among group members (Roberts 1996; Bartosiewicz and Gliwicz 2011) . Nevertheless, the decline in capture rate detected in fish in a larger group implies that overall deterioration of foraging conditions due to encounter avoidance and the increased probability of unsuccessful attack far outweighs any potential benefits of grouping in the conducted experiments.
The experimental method employed here is different from any used in previous studies, in which two kinds of competition were separated (Anholt 1990; Smallegange et al. 2006 ). Our novel approach was considered most suitable because the high capture rates of planktivorous fish feeding on zooplankton necessitated supplementation with high numbers of tiny Daphnia (up to 218 individuals every minute for the treatment with the highest prey and fish densities). This particular feature of the planktivorous fishzooplankton interface prevented the use of the immediate consumption approach employed previously to test the effect of interference on fish feeding exclusively on relatively large food items such as cold-killed adult Artemia salina (Rangeley and Kramer 1998) or artificial food (Shaw et al. 1995) . The specificity of the planktivorous fishzooplankton interface made it possible to (1) conduct shorter experiments than those performed with less-voracious predators, e.g., damselfly larvae (Anholt 1990) , and (2) use a prey supplementation method based on the provision of previously calculated prey numbers at 1-min intervals. In a previous study (Bartosiewicz and Gliwicz 2011) , the instant replacement of each prey eaten proved challenging in the case of three simultaneously foraging fish consuming up to one prey per second, and so would not be feasible for 10 or 20 foraging fish. The minute-byminute supplementation of Daphnia did not preclude variations in their density from higher (just after a supplementation) to lower (just before the subsequent supplementation) than required, particularly in treatments with the highest fish density. Nevertheless, it is reasonable to assume that a decreased capture rate towards the end of each minute was compensated for by an increased capture rate at the start of the next minute, so that these effects canceled each other out.
The findings of this study support the notion that capture rates in planktivorous fish increase at higher prey densities (e.g., Eggers 1977; Gliwicz et al. 2013 ). The results did not reveal any difference in the strength of interference at different prey density levels, even though it might be expected that interference would be stronger at low prey densities when fish swim faster in an attempt to compensate for a lower prey encounter rate (Munk and Kiørboe 1985, Maszczyk and Gliwicz 2014) . The effect of higher swimming speed could be even more pronounced in a spatially large-scale system with heterogeneously distributed prey, where fish are able to swim with appropriate speed. In this scenario, the increased speed of fish in a less profitable patch reflects the need to compensate for a low encounter rate and the need to rapidly locate a more profitable patch. However, in such a system, prey density dependent interference may be more affected by the presence of a larger number of fish within a more profitable patch due to their swift numerical response than by changes in swimming speed. If this is the case, then in systems where foraging is less spatially constrained and conditions are closer to the open and diverse reality of a lake, it is more likely that interference becomes stronger at high rather than low prey density. The results of this study also show that the foraging rate and the effect of interference competition are greater at higher temperature, thus leading to a need for supplementation with a greater number of prey and slightly larger fluctuations in the actual prey density within each 1-min interval during the experiments.
In conclusion, the results of this study indicate that the effect of interference competition on the feeding rates of planktivorous fish in groups of different sizes can be assessed when separated from that of exploitation through the maintenance of a stable prey density. Using such a methodological approach, we have demonstrated that the strength of interference competition may vary with environmental conditions. Maszczyk, as well as grant 2011/03/B/NZ8/02093 from the Polish National Science Center to Z.M. Gliwicz. The final part of this study was carried out at the Biological and Chemical Research Centre, University of Warsaw, established within a project co-financed by the EU European Regional Development Fund under the Innovative Economy Operational Program, 2007 Program, -2013 . All experiments comply with the current laws of the country in which they were performed.
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